In the current study, we examined whether coupling influences resulting from unintended afference-based phase entrainment are affected by movement amplitude as such or by the amplitude relation between the limbs. We assessed entrainment strength by studying how passive movements of the contralateral hand influenced unimanual coordination with a metronome. Results showed that amplitude as such did not affect entrainment strength, whereas the amplitude relation between the hands did. Larger amplitudes of the passive hand relative to the active hand resulted in stronger entrainment. This dependence on relative amplitude implies that entrainment strength is not only based on the intensity of afferent signals generated in the entraining limb but also on the susceptibility of the entrained limb to these signals.
Keywords: bimanual coordination, phase entrainment, movement amplitude, afference When moving two limbs simultaneously, the limb movements are affected by one another. As a result, movements that are easily executed in isolation can be difficult to execute together due to interference effects stemming from the other limb. For instance, this can be observed when drawing two different shapes simultaneously (Franz, Zelaznik, & McCabe, 1991) , or when executing rhythmic bimanual coordination patterns other than in-phase and antiphase (Zanone & Kelso, 1992) . These interactions not only result from interference at a planning level (Heuer & Klein, 2006; Ridderikhoff, Peper, & Beek, 2005) but also from entraining influences of kinesthetic afferent signals at a lower-order level of motor control. The latter influences are illustrated by the finding that moving one hand passively results in unintended attraction of the other hand's active movements to these passive movements (Ridderikhoff, Peper, & Beek, 2006; Serrien, Li, Steyvers, Debaere, & Swinnen, 2001; Swinnen, Dounskaia, Verschueren, Serrien, & Daelman, 1995) . In the current study, we further examined the longstanding but still largely unresolved issue of how movement amplitude affects bimanual stability, in particular via such unintentional phase entrainment.
The Haken-Kelso-Bunz model describes how the coupling between the hand movements influences the stability of bimanual coordination (Haken, Kelso, & Bunz, 1985) . According to this model, interlimb coupling weakens with decreasing movement amplitude (Haken et al., 1985; Peper & Beek, 1999) . For intended bimanual coordination, it has been shown that interlimb coupling can be enhanced by increasing movement amplitude (Buchanan & Ryu, 2006; Kudo, Park, Kay, & Turvey, 2006; Ryu & Buchanan, 2004) , although the relation between movement amplitude and interlimb coupling has not been consistently evident (Peper & Beek, 1998a , 1998b Post, Peper, & Beek, 2000) . Furthermore, it has been found that interlimb interactions in intended bimanual coordination are influenced by the amplitude relation between the limbs: When moving two limbs with different amplitudes, the limb moving at the larger amplitude influences the limb moving at the smaller amplitude more strongly than vice versa. This has been shown in relation to both interlimb coupling strength (Peper, de Boer, de Poel, & Beek, 2008) and movement planning (Spijkers & Heuer, 1995) .
The effects of movement amplitude on unintentional entrainment have been examined less extensively. The influence of the amplitude relation between the limbs on entrainment has only been studied for distracting influences of a third limb on the coordination between two other limbs (Serrien et al., 2001) . Unintentional entrainment with an external (visual) signal turned out to be more pronounced for larger signal amplitudes (Varlet, Coey, Schmidt, & Richardson, 2012) . Also for bimanual coordination entrainment strength appeared to be influenced by movement amplitude, because a reduced amplitude of passive hand movements was found to induce weaker phase entrainment (Ridderikhoff et al., 2005) . However, extended analysis of those results (presented below) showed that in Ridderikhoff et al.'s experiment, a change in amplitude was accompanied by a change in the amplitude relation between the limbs (see Results). This raises the question of whether the obtained variations in entrainment strength were related to the movement amplitude as such or to the amplitude relation between the limbs.
The aim of the present experiment therefore was to study how movement amplitude influences unintentional phase entrainment: Is it (predominantly) via the amplitude of the hand movements as such or (predominantly) via the amplitude relation between the hands? To answer this question, we extended the analysis of the data of Ridderikhoff et al. (2005) by examining the amplitude relation between the active and passive hand and comparing this to the results of a new experiment. In the present article, the experiment of Ridderikhoff et al. (2005) and the new experiment are referred to as Experiment 1 and 2, respectively, and are described in detail below. In the new experiment, the amplitude relation between the hands was set to 1:1 for a small and a large amplitude that were similar to the amplitudes in the first experiment. If phase entrainment strength depends primarily on the amplitude relation between the hands, it would be equally strong for both 1:1 amplitude relation conditions, irrespective of the movement amplitudes (small vs. large) of the hands. On the other hand, if movement amplitude as such determines the strength of entrainment, the large amplitude condition would show stronger entrainment effects than the small amplitude condition.
Methods

Participants
Nine volunteers (aged 18-30 years, seven right-handed and two left-handed; Oldfield, 1971) participated in Experiment 1, and 12 volunteers (aged 19-29 years, all right handed) participated in Experiment 2. Participants gave their written informed consent and were paid a small fee for their services.
Apparatus
Participants sat in a height-adjustable chair with their elbows slightly flexed and their feet supported (see Figure 1) . Their forearms were placed on armrests in a neutral position (thumbs up, palms facing inward, fingers extended). Both hands were fixated to two flat manipulanda, allowing wrist flexion and extension only. For one hand, the manipulandum registered the wrist movements using a potentiometer, whereas for the other hand the manipulandum controlled the wrist movements by means of a motor (i.e., for active and passive movements, respectively). In Experiment 1 the dominant hand executed active movements and the nondominant hand was moved passively, whereas in Experiment 2, the opposite configuration was used. Since phase entrainment was not influenced by hand dominance (cf. Ridderikhoff et al., 2006) , a comparison between these two experiments was warranted. A screen eliminated visual feedback of the hand movements.
In Experiment 2, a vertically oriented bow with light-emitting diodes (LEDs) was presented to provide amplitude feedback (cf. Figure 1B ; Peper et al., 2008) . The LED bow consisted of a slightly curved display with a series of 448 LEDs covering a distance of approximately 94 cm (i.e., a change of one LED position corresponded to a movement of 3.8° around the wrist). The LED bow was placed 150 cm in front of the participant with its center approximately at eye level. Movement amplitude was prescribed for the actively moving hand in the following manner: An arrow pointed to the center of the LED bow and two illuminated LEDs specified a tolerance range of ±10% of the target amplitude around this target amplitude 1 . The executed movement amplitude was calculated online every half cycle using a peak-detecting algorithm and presented as a third illuminated LED (with a delay of 25 ms). If the executed amplitude was larger (smaller) than the target amplitude, the feedback LED was displayed above (below) the target arrow. Through this method, movement amplitude was prescribed without spatially defined targets and hence irrespective of the center of oscillation of the hand.
Task and Conditions
Participants executed five different tasks that involved unimanual or bimanual rhythmic flexion-extension movements (cf. Ridderikhoff et al., 2005) . Two of these tasks were analyzed in the present article. In these tasks, participants were required to coordinate the movements of their active hand with a metronome, either in the presence of passive movements of the contralateral hand (task UNm) or without such movements (task UN). Two metronome beeps were presented for extension movements about the wrist; a screen eliminated visual feedback of the hand movements. In Experiment 2, an LED bow was used to prescribe movement amplitude. An arrow pointed to the target amplitude, two illuminated LEDs specified a tolerance range, and a third illuminated LED (here displayed in gray) showed the amplitude the participant was executing.
each cycle: a high-pitched beep (880 Hz) for one turning point and a low-pitched beep (440 Hz) for the other turning point. Participants were free to choose to which beep they synchronized peak flexion or peak extension but had to adhere to this choice throughout the experiment. The passive movements were based on recorded movement patterns (cf. Ridderikhoff et al., 2005) , and shifted by -30°, 0°, and +30° relative to the in-phase and antiphase phase relations between the hands. In Experiment 1, individual preferred frequencies were used, ranging from 1.2 to 1.6 Hz, while in Experiment 2 movement frequency was set to 1.2 Hz for all participants. In Experiment 1, two different amplitudes of the passive movements were used in task UNm: the amplitude as executed by the participants when performing bimanual coordination (large amplitude condition) and half this amplitude (small amplitude condition). No instructions were given about the amplitude of the active hand. Similar amplitudes (viz., 20° and 40°) were used in Experiment 2 for the passive hand, while in addition this amplitude was prescribed explicitly for the active hand using amplitude feedback. Thus, in Experiment 2, the two hands moved at the same amplitude (small or large).
Procedure
In Experiment 1, following one UN practice trial, participants executed 2 (Pattern: in-phase, antiphase) × 2 (Amplitude: small, large) × 3 (Shift: -30°, 0°, +30°) × 3 (Repetitions) = 36 UNm and 3 UN trials with a trial duration of 35 s and 25 s, respectively. Trials were randomly divided over two blocks. In Experiment 2, all UNm trials (duration: 23.3 s) and UN trials (duration: 25.8 s) were randomized in two amplitude blocks. A trial was rerun if the mean amplitude fell outside the tolerance range, if the amplitude variability (SD) exceeded 10% of the movement amplitude or when the wrong pattern was executed (i.e., incorrect phasing between the passive and active movements). Following one UN practice trial, participants executed 2 (Pattern: in-phase, antiphase) × 3 (Shift: -30°, 0°, +30°) × 3 (Repetitions) = 18 UNm and 3 UN trials in the small-and large-amplitude block, the order of which was counterbalanced across participants.
Analysis
Transients at the beginning of each trial were removed and data were low-pass filtered (2nd-order bidirectional Butterworth filter; cut-off frequency: 15 Hz) prior to analysis. Using a peak-detecting algorithm, movement amplitude was calculated as half the peak-to-peak flexion-extension excursion. The mean movement amplitude was calculated for the active and passive movements. The relative phase between the metronome beeps and peak flexion and extension was determined for each cycle as Ψ i = 360° (t y,i -t x,i ) / (t x,i+1 -t x,i ), where t y,i indicates the time of the i th peak flexion (extension) of the nondominant hand and t x,i corresponds to the moment of the ith metronome beep specifying peak flexion (extension). Circular statistics (Mardia, 1972) was used to determine the average values of Ψ for each trial.
Statistical Analysis
For both experiments, movement amplitude was examined in terms of the relative amplitude between active and passive movements and phase entrainment was examined in terms of the difference in Ψ between UNm and UN (Ψ UNm -Ψ UN ; indicating the degree to which the active hand's movements were attracted to those of the passive hand). Both variables were submitted to a repeated-measures analysis of variance (ANOVA) with factors pattern (in-phase, antiphase), amplitude (small, large), and shift (-30°, 0°, +30°). Greenhouse-Geisser adjustment of degrees of freedom was applied if the assumption of sphericity was violated. Effect sizes were based on the partial eta squared (η p 2 , Cohen, 1988) . Significant effects (p < .05) were further scrutinized using post hoc paired-samples t tests.
Results
In Experiment 1, the amplitude of the passive hand was on average about 20° for the small amplitude and 40° for the large amplitude condition, while the amplitude of the actively moving hand was about 40° in both conditions (see Table 1 ). As a result, the amplitude relation between the two hands differed significantly: For the large amplitude condition the relation of passive and active hand amplitude was about 1:1, whereas for the small amplitude condition it was 1:1.9. In Experiment 2, participants adequately executed the required 20° or 40° amplitudes with the active hand, which resulted in a 1:1 amplitude relation between the active and passive hand for both amplitude conditions (see Table 1 ). The ANOVA confirmed an effect of amplitude in Experiment 1, F(1,8) = 98.2, p < .001, h p 2 = .93, and the absence of this effect in Experiment 2.
The entraining influences of the passive movements were evaluated by examining the changes in Y in response to the applied phase shifts in UNm (i.e., Ψ UNm -Ψ UN ). The ANOVA revealed an effect of shift in Experiment 1, F(2, 16) = 18.8, p < .001, η p 2 = .70, and Experiment 2, F(1.15, 12.7) = 26.5, p < .001, η p 2 = .71. All phase shifts differed significantly from each other, revealing attraction of the active hand toward the phase-shifted passive movements (Figure 2 ). Furthermore, a significant interaction between shift and amplitude was only observed in Experiment 1, F(2, 16) = 3.86, p < .05, η p 2 = .29 (cf. Figure 2A ; Ridderikhoff et al., 2005) , revealing stronger entraining influences for the large amplitude condition. In Experiment 2, no difference in entrainment strength was observed between the small and large amplitude conditions( Figure 2B ). No effect of pattern was observed in either experiment. The results thus showed that entrainment strength to in-phase and antiphase coordination was not influenced by amplitude as such (Experiment 2), but by the amplitude relation between the hands (Experiment 1). 2
Discussion
In the present experiment, unintentional phase entrainment was examined by studying how proprioceptive afference from a passively moving hand influenced coordination of an actively moving hand with a metronome. Whereas for intended In Experiment 1 the relation between the amplitude of the active and passive hand (A ACT and A PAS , respectively) was different for the small and large amplitude, whereas the amplitude relations did not differ over the amplitude conditions in Experiment 2. The mean relative phase between the active hand movements and the metronome in task UNm is presented relative to that in task UN (Ψ UNm -Ψ UN ) for the three phase shifts relative to the metronome as applied to the passive hand movements. Significant differences between amplitude conditions are indicated with * (p < .05).
bimanual coordination, afferent feedback has been found to enhance coordination with a metronome (Drewing & Ascherleben, 2003; Helmuth & Ivry, 1996) , in the current study, proprioceptive afference was used as a distractor and thus hampered rather than facilitated coordination with the metronome.
The aim of the study was to examine whether the strength of unintended phase entrainment is influenced (predominantly) by movement amplitude as such or by the amplitude relation between the hands. The results showed that phase entrainment strength was not influenced by amplitude as such, contrary to expectations based on the HKB-model, according to which overall interlimb coupling strength scales with amplitude (Haken et al., 1985; Peper & Beek, 1999) . Rather, the previously obtained effects of movement amplitude on entrainment strength (Ridderikhoff et al., 2005) appear to have been mediated by the asymmetry in amplitude between the hands, in accordance with coupling strength effects obtained for intentional bimanual coordination (Peper et al., 2008) . The influence of amplitude disparity rather than amplitude as such on entrainment strength may also explain why the decrease in amplitude that accompanied increasing frequency did not affect entrainment strength in a previous study (de Boer, Peper, & Beek, 2011) , because in that study the amplitude relation was about 1:1 in all frequency conditions. As mentioned in the Methods, the two experiments reported in the current study used a different configuration of passive and active movements. In Experiment 1, the nondominant hand was being moved by the motor, whereas in Experiment 2 the dominant hand was moved passively. Although, in principle this may have constituted a confounding variable in the present comparison, this appears to be rather unlikely for two reasons. First, the influence of hand dominance on phase entrainment strength has been studied explicitly for a wide range of phase shifts between the metronome and the passive hand and results showed that the strength of the attraction to the contralateral hand was comparable for the dominant and nondominant hand (Ridderikhoff et al., 2006) . Second, hand dominance is presumed to be related to cortical processes as a result of hemispherical lateralization (e.g., Serrien, Ivry, & Swinnen, 2006) , whereas the phase entraining influences of contralateral afferent signals probably involve lower (e.g., spinal) levels of the nervous system (Ridderikhoff et al., 2005 (Ridderikhoff et al., , 2006 . For these reasons, it seems rather unlikely that the current results were due to the difference in hand arrangement as applied in the two experiments. Note. Movement amplitudes of the passively and actively moving hand (A PAS and A ACT ) and the amplitude relation between them as executed in the two experiments, presented for task UNm with phase shifts between the passive movement and the metronome of -30°, 0°, and +30°. Data are averaged over in-phase and antiphase trials.
Another methodological difference was introduced by the use of the amplitude feedback on the LED bow in Experiment 2. However, as indicated in Note 2 (cf. Results section), a control experiment revealed that the use of this LED bow did not influence the effect of amplitude on phase entrainment strength.
Unintended phase entrainment may be regarded as a lower-order, reflex-like mechanism, which occurs relatively autonomously as a direct consequence of contralateral proprioceptive afferent signals. Increases in movement amplitude are known to activate more afferent fibers and increase afferent firing frequencies (Kandel, Schwartz, & Jessell, 1991) , leading to stronger afferent signals. Because increases in amplitude as such did not lead to increased entrainment strength, the current study indicates that entrainment strength is not solely a reflection of the strength of afferent signals from the passively moving limb. On the contrary, because the amplitude relation between the hands influenced entrainment strength, our results indicate that movement characteristics of both hands affected entrainment strength when one of them was not moving actively. The observed dependence on the active hand's movement amplitude may reflect a change in its susceptibility to external influences. If movement amplitude is relatively small, the hand appears to be more susceptible to coupling influences stemming from the other hand than when moving at large amplitude. Possibly, this dependence on the amplitude relation is related to the strength of the neural signals involved, with the entraining effects of stronger afferent signals from the contralateral hand being modulated by the strength of the neural efferent signals activating the other hand. As such, increasing the strength of the efferent signals may reduce the susceptibility to coupling influences from the contralateral hand. Note that this would imply that the coordination process would not be sensitive to amplitude disparity as such, but rather that the associated effects are the net result of the interplay between the involved afferent and efferent signals. How this mechanism is organized needs to be studied in future experiments. This might, for instance, be accomplished by executing the same tasks under different loading conditions, thereby manipulating the strength of the efferent signals that is required to generate movements with specific amplitudes.
In intended bimanual coordination, afference-based entrainment to in-phase and antiphase coordination is assumed to be involved, enhancing the attraction to these two coordination patterns (Ridderikhoff et al., 2005 (Ridderikhoff et al., , 2006 . Hence, the reported influence of unintentional entrainment strength on the amplitude relation between limbs could explain, at least in part, the observed amplitude-based asymmetry in coupling between the limbs as observed in previous experiments (Peper et al., 2008; Spijkers & Heuer, 1995) . However, the absence of effects of amplitude as such suggests that phase entrainment does not underlie the observed increase in coupling strength between the limbs in intentional bimanual coordination when movement amplitude of both limbs increases (Kudo et al., 2006; Ryu & Buchanan, 2004) . Moreover, it is important to note that during intended bimanual coordination, the effect of amplitude disparity may be modulated by other factors that have previously been shown to affect the coupling between the hands (such as hand dominance and attentional focus; Amazeen, Amazeen, Treffner, & Turvey 1997; Buchanan & Ryu, 2006; de Poel, Peper, & Beek, 2007; de Poel, Peper, & Beek, 2009; Treffner & Turvey, 1995) . In addition, amplitude disparity may affect intended coordination between the limbs via an associated difference in eigenfrequency (e.g., Rosenblum & Turvey, 1988; Peper, Nooij, & van Soest, 2004; Sternad, Turvey, & Schmidt, 1992) , given the inverse relation between movement amplitude and preferred movement frequency (Rosenbaum, Slotta, Vaughan, & Plamondon, 1991) . Additional research is required to study how the suggested susceptibility to the afferent signals is organized, whether this effect is present to the same extent in intended bimanual coordination, and how the effect varies over a larger range of amplitudes and amplitude relations. In view of the suggested modulating influence of the strength of the neural efferent signals, such experiments should preferably involve electromyographic measurements of relevant muscle groups, in addition to kinematic recordings.
Furthermore, because the current study clearly distinguishes between coupling differences as a result of movement amplitude as such and the amplitude relation between the hands, it appears to be important to either take into account or control the amplitude of the individual limb movements when studying bimanual coordination processes. As noted previously in the literature (de Poel, Peper, & Beek, 2009 ), the effect of amplitude disparity may significantly influence bimanual coupling and may obscure experimental findings and interpretations when it is not taken into account. The demonstrated dependence on the amplitude relation between the hands may also have practical consequences for therapeutic interventions that aim at improvements of an affected limb, for instance following stroke. In bimanual training protocols (e.g., Cauraugh & Summers, 2005; Whitall, McCombe Waller, Silver, & Macko, 2000; van Delden et al., 2013) , it may be advisable to create a large amplitude difference between the hands to enhance the (presumably beneficial) coupling influences of the less-affected limb moving at a larger amplitude onto the affected limb.
contralateral hand was equally strong for both amplitude conditions (i.e., no interaction between amplitude and shift, F[2,16] = 0.64, p > .54). Hence, this experiment confirmed that amplitude as such did not influence entrainment strength (cf. Experiment 2) and that this result was not associated with the use of LED bow amplitude feedback.
